INTRODUCTION
============

Eukaryotic RNA polymerases (RNAPs) require a variety of basal transcription factors to guide them to their promoters and to assist with the initiation of transcription. In the RNAPII system, the basal transcription factor TFIIB plays an essential role during the formation of pre-initiation complexes. TFIIB stabilizes the binding of TATA-binding protein (TBP) to the TATA-box and provides additional sequence specificity through contacts with the B-recognition elements (BREs) flanking the TATA box on either site ([@B1],[@B2]). Once stably bound, TFIIB recruits RNAPII ([@B3; @B4; @B5]). The domain structure of TFIIB reflects these functions; the highly conserved C-terminal domain contains all TBP-binding and promoter-recognition functions ([@B6; @B7; @B8]), and the Zn-ribbon and the linker domain are required for binding to RNAPII ([Figure 1](#F1){ref-type="fig"}) ([@B9; @B10; @B11; @B12]). The Zn-ribbon domain associates with the 'dock' domain, whereas the TFIIB linker penetrates extensively into the catalytic site of RNAPII ([Figure 1](#F1){ref-type="fig"}B) ([@B13; @B14; @B15]). The intimate association between the TFIIB linker with elements of the catalytic site, and possibly the nucleic acid and rNTP substrates, are the likely cause for the involvement of TFIIB in post-initiation transcription events, such as a potential clash between TFIIB and the nascent RNA transcript causing the release of abortive transcripts before they exceed a defined length ([@B13]). TFIIB also stabilizes and/or stimulates critical stages during the abortive transcription cycle ([@B10]). Figure 1.Structural organization of TFIIB. (**A**) Schematic alignment of the human, yeast and *M. jannaschii* TFIIB orthologues \[Zn-ribbon domain (red), C-terminal core domain (light green) and Linker region (blue)\]. Part of the Linker domain primary amino acid sequence is shown with residues in the yeast and human orthologues identical to the residues found in *M. jannaschii* shown in red. The pale blue background identifies the sequence that was mutagenized in *M. jannaschii* TFIIB in the current study. (**B**) Alignment of the TFIIB structures of three yeast RNAP--TFIIB co-crystals \[PDB codes 3K7A (blue) ([@B14]), 3K1F (purple) ([@B15]) and 1R5U (black) ([@B13])\] superimposed on the RNAP active centre domains and nucleic acids (PDB code: 2E2H). The structures differ in the position of the linker domain that either assumes the conformation of a B-Reader Helix/B-Reader Loop ([@B15]) or a hairpin-like B-finger structure ([@B13]). (**C**) Stimulatory effect of TFIIB on abortive transcription. The presence of TFIIB leads to a substantial stimulation (typically \>10-fold) of abortive transcription. The assay shows a linear accumulation of abortive transcripts over a 60-min incubation period.

Three crystal structures showing the linker region in the context of a yeast RNAPII-TFIIB co-crystal are currently available at 4.5 ([@B13]), 4.3 ([@B15]) and 3.8 Å ([@B14]) resolution ([Figure 1](#F1){ref-type="fig"}B). The relatively low resolutions of the structures have resulted in different interpretations of the electron density data, especially concerning the sub-domain that has been referred to as the 'B-finger domain' ([@B13]). An initial structural model of the TFIIB-linker RNAPII interactions suggested that the B-finger domain forms a loop projecting towards the catalytic centre ([@B13]). Surprisingly, the primary sequence of the B-finger tip region---which is assumed to be closest to the active site---is rather poorly conserved ([Figure 1](#F1){ref-type="fig"}A). *In vitro* transcription assays also demonstrated that mutations in the B-finger tip had only minor consequences, whereas mutations in the lateral B-finger residues resulted in a severe reduction of transcription ([@B16]).

A more recently published structure proposes a mostly α-helical conformation for the B-finger domain \[the 'B-Reader Helix'; ([@B15])\]. In addition, more C-terminal parts of the linker region lie in proximity to RNAP domains (e.g. 'Lid', 'Rudder' and 'Fork Loop 1') that are unstructured in the absence of TFIIB, suggesting that the linker might stabilise them and additionally mediate clamp closure ([@B14],[@B15]).

Despite the appearance of such new structural information, at least two problems remain. First, there is disagreement regarding the position and structure of the N-terminal portion of the linker domain relative to the active site \[B-finger versus B-Reader Helix ([@B13],[@B15])\]. Second, and probably more importantly, all the TFIIB/RNAPII crystals characterized up to now lack the substrates (template DNA--RNA hybrid and nucleotides), which are key components of active initiation complexes. The interactions between the TFIIB linker and the various substrates are anticipated to influence the structure of the linker region and its interactions with other domains within the catalytic site. We therefore do not regard the currently available structural information as sufficiently conclusive for deducing a reliable mechanism of the functional role of the TFIIB linker region during the transcription initiation process.

Over the last decade, we have developed an archaeal *in vitro* transcription system, based on the euryarchaeon *Methanocaldococcus jannaschii*, to serve as a model system for understanding the fundamental mechanisms of the eukaryotic RNAPII basal transcriptional machinery. Archaea contain an RNAPII-like polymerase, which resembles, in conjunction with TBP and TFIIB orthologues, the core components of the RNAPII basal transcriptional machinery ([@B17; @B18; @B19]). The absence of other basal factors, such as TFIIA, TFIIF, TFIIH, TBP-associated factors (TAFs) and mediator, allows the fundamental steps leading to transcription initiation to be studied in an exceptionally direct manner in archaea ([@B10],[@B20; @B21; @B22]).

In the current study, we have taken advantage of the high degree of structural conservation of archaeal TFIIB orthologues to study the functional consequences of mutations in the linker region \[although archaeal TFIIB orthologues have traditionally been named 'TFB' ([@B23]), we will refer to them as TFIIB to emphasize the high degree of structural similarities with eukaryotic TFIIB orthologues; [Figure 1](#F1){ref-type="fig"}A\]. The promoter-independent stimulation of abortive transcription reactions by the TFIIB orthologue of the archaeon *M. jannaschii* ('*mj*TFIIB') provides a sensitive assay capable of shedding more light on the roles of TFIIB during pre-initiation complex formation and transcription initiation ([Figure 1](#F1){ref-type="fig"}C). In contrast to promoter-directed transcription activity assays ([@B16]), which rely on an unknown combination of recruitment and initiation stimulation, our experimental set-up allows these functionally highly intertwined molecular mechanisms to be dissected into separate processes that can be assayed independently of each other ([@B10]).

MATERIALS AND METHODS
=====================

Generation of *mj*TFIIB variants
--------------------------------

The N-terminus of *mj*TFIIB in a pET21a or pET24a bacterial expression plasmid ([@B10]) was substituted by a synthetic codon-optimized construct (GeneScript). Mutants containing TFIIB linker mutations \[eukaryotic or archaeal substitutions, deletion variants; sequential permutation libraries (GeneArt, Regensburg)\] were generated by replacing the corresponding wild-type sequence ([@B24]).

Expression and automated purification of *mj*TFIIB variants
-----------------------------------------------------------

Bacterial cultures for the production of recombinant *mj*TFIIB (1.5 ml) were grown in a 24-well plate at 37°C shaking at 250 r.p.m. for ∼18 h in autoinduction medium (Overnight Express, Novagen) containing 100 µg/ml ampicillin (pET21a constructs) or 25 µg/ml kanamycin (pET24a constructs). All subsequent steps were carried out on a liquid handler (Theonyx, Aviso). Nine-hundred microlitres of cell culture was mixed with 100 µl of cell lysis solution \[10 × FastBreak (Promega), 2 µl lysonase/sample (Novagen), 3 µl 0.5 M Mg-acetate\] and 100 µl of a 5-fold diluted stock of magnetic nickel beads ('MagneHis', Promega). After a 30-min incubation, supernatants were removed from the plate on the magnet after each transfer step. The beads were washed three times with 500 µl of wash buffer (20 mM imidazole, 0.1% Triton X-100, 0.5 M NaCl, 20 mM Tris-acetate, pH 7.9, 10 mM Mg-acetate, 0.7 mM Zn-acetate, 10% glycerol). Finally, 100 µl of elution buffer (0.5 M imidazole, 0.1% Triton X-100, 0.5 M NaCl, 20 mM Tris-acetate, pH 7.9, 10 mM Mg-acetate, 0.7 mM Zn-acetate, 10% glycerol) was added to the beads and incubated for 30 min (1500 r.p.m.). The plate was then placed again on the magnet and the eluates transferred to a new 96-well plate.

Abortive initiation assays
--------------------------

Abortive initiation reactions were carried out in total volumes of 25 µl containing 1 × transcription buffer \[250 mM Tris--Cl (pH 7.5), 375 mM KCl, 125 mM MgCl~2~\] supplemented with 10 mM DTT, 600 ng 'activated' calf thymus DNA (Sigma, Type 15), 400 µM GpC dinucleotide, 10 µM unlabelled rUTP and 2.5 µCi α^32^P-rUTP (3000 Ci/mmol). Appropriate RNAP and TFIIB concentrations were experimentally determined (TFIIB: 30--70 ng/µl, RNAP: 10--20 ng/µl). Samples were incubated at 65°C for 30 min. Portions of the samples were boiled for 2 min in equal volumes of formamide loading buffer. Ten microlitres of each sample was loaded on a denaturing urea gel and run in 1 × TBE for 70--80 min at 225 V. The gels images were quantitated with a Fuji FLA5000-PhosphoImager and AIDA photoimaging software.

Electrophoretic mobility shift assays
-------------------------------------

A measure of 0.5 µl of ^32^P-end-labelled SSV T6 promoter probe (0.1 pmol) was mixed with 1 µl BSA (1 mg/ml in 100 mM DTT) in binding buffer (2.5 mM MgCl~2~, 5% glycerol, 0.1 mM EDTA, 40 mM HEPES pH 7.3, 250 mM NaCl, 5 mM β-mercaptoethanol); 130 ng/µl recombinant *mj*RNAP, 2 ng/µl *mj*TBP and 7--10 ng/µl of *mj*TFIIB or the respective mutants were added to the reaction mixtures. The reaction mixture was incubated at 65°C for 20 min, then 1 µl of heparin (0.5 mg/ml) was added to each reaction and the samples were incubated for another 20 min (at 65°C). For competition assays, unlabelled SSV T6 promoter was added in 400-fold excess after 20 min instead of heparin. Ten microlitres of each reaction was mixed with 6 µl native gel loading buffer and 10 µl was loaded on a 4--20% Tris-glycine gradient gel and run in 1× Tris-glycine buffer at 180 V for 1 h. Gels were quantitated on a Fuji FLA5000-PhosphoImager with AIDA photoimaging software.

RESULTS
=======

The sequence between residues E78 and R92 is crucial for the stimulatory activity of *mj*TFIIB
----------------------------------------------------------------------------------------------

*mj*TFIIB massively stimulates abortive transcription by *mj*RNAP as measured in an *in vitro* dinucleotide extension assay ([Figure 1](#F1){ref-type="fig"}C). Previous experiments demonstrated that certain recruitment functions and the stimulatory effect of TFIIB on the catalytic activity of RNAP are associated with the linker domain and, more precisely, with residues that are orthologous to the yeast TFIIB subdomain projecting into the RNAP II active centre cleft ([@B10],[@B13; @B14; @B15]). A direct correlation between the stimulatory activity and the linker domain ([@B10]) allows us thus to dissect the stimulatory TFIIB function by site-directed mutagenesis. First, we replaced residues including W79 to C91 (the 'B-finger') by alternative sequences derived from various archaeal and eukaryotic species. The majority of TFIIB constructs containing such alternative B-fingers were severely impaired in their stimulatory efficiency, demonstrating that the identities of residues in this part of the TFIIB linker are essential for its stimulatory function ([Figure 2](#F2){ref-type="fig"}). The results further suggest that the B-finger domains of different organisms display species-specific functional differences and/or adaptations to evolutionarily divergent structures in the active site ([@B24]). Figure 2.Replacement of TFIIB linker sequences. Stimulatory activities of a variety of artificial \[glycine-serine ('G-S') repeats\], archaeal (*Halobacterium salinarum* TFB-A; *Methanopyrus kandleri*) and eukaryotic (*Saccharomyces cerevisiae*; *Drosophila melanogaster*; *Homo sapiens*) TFIIB-linkers after replacement of the orthologous sequence of *mj*TFIIB. The primary sequences of the hybrids are shown below with the replaced TFIIB-linker sequence highlighted in bold. The activity of each mutant was calculated relative to the *mj*TFIIB wild-type stimulation rate valued as 100%. Each mutant was assessed in triplicate (error bars represent standard deviations).

The identities of *mj*TFIIB residues A81 to K89 are mostly irrelevant for transcriptional stimulation
-----------------------------------------------------------------------------------------------------

In order to learn more about the structural requirement of TFIIB linker residues we carried out high-density mutagenesis by substituting residues E78-A95 (i.e. all residues of the B-finger or most residues of the B-reader) by all 19 other amino acids. The results, based on averages calculated from abortive transcription assays carried out in triplicate, are summarized in form of a heat-map ([Figure 3](#F3){ref-type="fig"}A and C). Substitutions of residues E78, W79, R80, Q86, R90, C91, R92, V93 and G94 resulted in particularly large numbers of mutants with a diminished ability to stimulate abortive transcription. Intriguingly, it was difficult to ascribe particular phenotypes to certain substitutions in R80, A81 and K89. Occasionally, R80-N, R80-Q, A81-G, K89-A, K89-V, K89-L, K89-T, K89-C, K89-Y and K89-W displayed stimulatory activities that exceeded wild-type TFIIB. However, even though triplicate assays within one experiment showed little variation, repeated testing of these mutants in separate experiments resulted in different phenotypes, including wild-type-like phenotypes or even significant defects in activity. Such marked discrepancies were not observed with the majority of other mutants assayed in independent experiments. Variability in the stimulation effect of some mutants is probably due to small fluctuations in experimental conditions that might cause a poorly structured domain to adopt alternative conformations and thus influence the stimulation properties of this class of mutants. Figure 3.High-throughput mutagenesis of the TFIIB linker. (**A**) *mj*TFIIB residues E78-A95 (listed on the left) were substituted by all 19 other amino acids (listed at the top and grouped according to their properties). Stimulatory effects of the mutants in abortive initiation assays are presented as a heat-map with shades of blue indicating defects in the stimulatory effects and shades of red indicating increased stimulation. The stimulatory effect of wild-type *mj*TFIIB is defined as 100% (white). Mutants with exceptionally high variability in their performance are depicted in grey. (**B**) Representative examples of the data obtained for full sets of substitutions of residues Q86 and K87. The activity of each mutant was calculated relative to the wild-type stimulation rate valued as 100% (red dotted line). Each mutant was assessed in triplicate (error bars represent standard deviations). (**C**) Representative examples of abortive initiation assay results for six mutants. Wild-type *mj*TFIIB was used as positive control and 'elution buffer only' samples were used to determine the background RNAP activity. Negative control samples ('NC'; pET24a and medium only) confirmed the specificity of the signals obtained.

Consistent with the findings of an alanine scanning approach of human TFIIB ([@B16]), certain TFIIB-linker domain residues (A81 to K89) emerged as insensitive to most substitutions, with the sole exception of Q86. In particular, substitutions in residues A81, H84, E85 and I88 behaved similarly to wild-type TFIIB (in terms of their stimulatory effect on RNAP), no matter which amino acid substitution was made. For residue K87, only minor changes in the stimulatory activity were observed in the presence of most amino acid substitutions, with the exception of two mutations: the stimulatory effect of K87-P was only 30--40% of the wild-type level (thus making this one of the substitutions that impeded the transcription stimulatory effect to the greatest extent observed), whereas K87-Y consistently exceeded the wild-type activity level (∼135%) ([Figure 3](#F3){ref-type="fig"}A and B).

In summary, our data identify two clusters of residues (E78-W79-R80 and R90-C91-R92-V93-G94) within the TFIIB linker that make key contributions towards the abortive transcription stimulation function. In contrast, the majority of residues in the sequence (A81 to K89) between these two clusters play only a minor functional role and even tolerate substantial structural disruptions introduced by various radical substitutions.

Precisely defined deletions in certain linker positions cause super-stimulation
-------------------------------------------------------------------------------

To assess the influence of individual or groups of residues on the stimulation effect in more detail, a series of deletion mutants (ranging from 1 to 7 amino acids; [Figure 4](#F4){ref-type="fig"}) were produced and tested in abortive initiation assays. The single deletion mutant ΔE85, as well as the double-deletion mutants ΔH84-E85 and ΔE85-Q86, significantly reduced the stimulating activity ([Figure 4](#F4){ref-type="fig"}). A series of three-residue deletion mutants covering residues E78 to D83 generated phenotypes that were reproducibly impaired in their stimulatory effect on RNAP. Similarly, the stimulatory activity of ΔR90-R92 was significantly reduced ([Figure 4](#F4){ref-type="fig"}). The activities of ΔF82-H84, ΔD83-E85, ΔK87-K89 and ΔK89-C91 were not reproducible i.e. fluctuating in a similar way as has been observed for some of the point mutants (see above). Strikingly, ΔH84-Q86, ΔE85-K87 and ΔQ86-I88 displayed stimulation ranging from 120% to ∼170% ([Figure 4](#F4){ref-type="fig"}; see also below). We refer to this phenomenon as 'superstimulation' because the robust and reproducible nature of these phenotypes clearly distinguishes them from the normal level of stimulation achievable by wild-type *mj*TFIIB. Figure 4.Effect of deletions in the TFIIB linker domain. The stimulatory effect of *mj*TFIIB deletion mutants was calculated relative to wild-type TFIIB (dotted line). Three-residue deletions leading to super-stimulation are shaded in dark grey in the sequence alignments. Mutants with highly variable performance in independent experiments are indicated with an asterisk.

Some TFIIB-linker mutants disrupt both transcriptional stimulation- and recruitment-function of TFIIB
-----------------------------------------------------------------------------------------------------

The TFIIB-linker region is not only involved in transcriptional stimulation, but also plays a key role in establishing specific protein--protein contacts with RNA polymerase ([@B9], [@B10]). Although the abortive transcription stimulation assays used for assessing the effect of the mutants in the linker region are promoter-independent, we were interested in establishing whether some of the loss- and gain-of-function phenotypes observed in our mutagenesis screen were due to changes in the affinity between the TFIIB-linker domain and RNAP. We therefore tested alanine substitution mutants of residues *mj*TFIIB E78 to A95 in promoter-directed recruitment assays \[electrophoretic mobility shift assays (EMSAs); [Figure 5](#F5){ref-type="fig"}A\]. Figure 5.Recruitment properties of TFIIB linker mutants. (**A**) Typical EMSA experiment to quantitate the RNAP recruitment activity of *mj*TFIIB mutants on radiolabelled SSV T6 core promoter ('SSV T6\*'). The arrows identify the various types of complexes formed. (**B**) Recruitment and stimulatory activities of the *mj*TFIIB alanine substitution series relative to wild-type *mj*TFIIB (dotted line). Mutants were tested in triplicate and error bars represent standard deviations. (**C**) Recruitment and stimulatory activities of the *mj*TFIIB K87 mutants relative to wild-type *mj*TFIIB (dotted line). Mutants were tested in triplicate and error bars represent standard deviations. (**D**) Wild-type TFIIB and TFIIB variants ΔH84-Q86 and K87W were incubated with RNAP, TBP and radiolabelled probe under the usual binding conditions as detailed in 'Materials and Methods' section. After 20 min, unlabelled SSV T6 core promoter was added at 400-fold excess as a competitor and samples taken after 0, 15, 30, 45 and 60 min. The addition of competitor DNA reduced the binding of RNAP/TFIIB/TBP to the radiolabelled promoter 5-fold less for *mj*TFIIB-K87W than for wild-type TFIIB or *mj*TFIIB ΔH84-Q86. (**E**) Recruitment (circles) and stimulatory activities (solid dots) of *mj*TFIIB deletion mutants were calculated relative to wild-type TFIIB (=100%). Mutants were tested in triplicate and error bars represent standard deviations. Multiple regression trendlines for both recruitment activity (black line) and stimulatory activity (dotted grey line) show that increased stimulatory functions of the deletion mutants are distinct from their recruitment activities that remain at or slightly below wild-type levels.

In a manner similar to that observed in the abortive initiation assays, the degree of residue conservation correlated roughly with their sensitivity to mutations. Mutations at most positions lead to more than 50% reduction in their recruitment activities with residues E78, W79, F82, R92, V93 and G94 being most affected ([Figure 5](#F5){ref-type="fig"}B). Results from the abortive initiation and recruitment assays correlate approximately ([Figure 5](#F5){ref-type="fig"}B), suggesting that in at least some instances the reduction of the capacity for stimulating abortive transcription is a consequence of structural alterations in the B-linker that also reduce its affinity for RNAP.

Enhanced recruitment phenotypes of K87
--------------------------------------

One of the alanine substitutions tested, K87-A, displayed a clearly enhanced recruitment activity (∼140% wild-type; [Figure 5](#F5){ref-type="fig"}B). This observation was surprising, considering that substitutions of other amino acid residues tested resulted in defective or wild-type-like recruitment, and suggests a key role for K87 in the formation and/or stability of the TBP/TFIIB/RNAP promoter complex.

In order to investigate the role of this residue in the interaction with RNAP further, the full range of K87 substitutions was tested. The results show that the majority of substitutions displayed near-wild-type recruitment activity, although there are a few noteworthy exceptions ([Figure 5](#F5){ref-type="fig"}B). Some radical substitutions, such as K87-P and K87-D, caused a substantial drop in RNAP recruitment, whereas substitutions of K87 with a range of large hydrophobic (L, F, Y and W) or basic residues (R and H) showed substantial increases.

The cause of this increased recruitment activity was investigated in more detail for the most remarkable mutant, K87-W. When tested in mobility shift assays, K87-W converted a proportion of TBP/promoter complexes into fully assembled pre-initiation complexes comparable to wild-type TFIIB ([Figure 5](#F5){ref-type="fig"}D). However, once assembly was completed, the addition of excess promoter DNA showed that pre-initiation complexes containing *mj*TFIIB K87-W were around five times more resistant to competition than complexes containing wild-type TFIIB ([Figure 5](#F5){ref-type="fig"}D). We therefore conclude that the K87-W substitution increases recruitment by substantially prolonging the half-life of the complex.

It is worthwhile to compare the remarkable stabilizing effects of some of the K87 mutations with their ability to stimulate abortive transcription. As can be seen in several instances in the alanine substitution series ([Figure 5](#F5){ref-type="fig"}B), and especially with K87-P ([Figure 5](#F5){ref-type="fig"}C), many substitutions that reduce the transcription-stimulating activity also appear to weaken the stability of pre-initiation complexes. The opposite effect (i.e. increased transcriptional stimulation coupled with increased stabilization of pre-initiation complexes) does, however, not apply; K87-W stimulates only with a rate comparable to wild-type TFIIB ([Figure 3](#F3){ref-type="fig"}B). This suggests that even a substantial increase in pre-initiation complex formation/stability may not be sufficient to explain the superstimulation phenotypes observed with some of the linker deletion mutants described earlier. EMSAs carried out with three consistently superstimulating mutants (ΔH84-Q86, ΔE85-K87 and ΔQ86-I88) displayed indeed only wild-type-like, or even slightly reduced, rates of formation of pre-initiation complexes (ranging from ∼80% to 100%; [Figure 5](#F5){ref-type="fig"}E).

In summary, the data presented above show that some types of mutants (e.g. K87-P) cause disturbances of the linker region that affect RNAP recruitment and/or post-initiation transcriptional stimulation. This class of mutants is relatively uninformative because they merely interfere with some fundamental processes in a rather non-specific manner. On the other hand, we observe distinct groups of mutants that either substantially increase the affinity of TFIIB to RNAP (e.g. K87-W), or increase the ability of the TFIIB linker region to stimulate the rate of abortive transcription (e.g. ΔQ86-I88). The functionally distinct nature of these two gain-of-function mutant classes allows these different TFIIB functionalities to be separated from each other with a degree of clarity that is unprecedented in any other transcriptional model system.

Superstimulating TFIIB mutants further enhance the transcription rate of superactive RNAPs
------------------------------------------------------------------------------------------

We have previously identified mutations in the Bridge Helix and Trigger Loop domains that cause a noticeable increase in the specific activity of RNAP ([@B25]). A subset of these 'superactive' mutants enhances the transcription rate by favouring particular conformational changes, such as kinking the C-terminal portion of the Bridge Helix (e.g. *mj*A′ Q823-E and S824-P), or by increasing the mobility of the base of the Trigger Loop (substitutions in *mj*A′′ G72 and I98). Combinations of superactive Bridge Helix and Trigger Loop mutations within the same enzyme do not increase the transcription rate beyond that achievable by either of these mutant classes on their own, suggesting that they affect the same mechanism and therefore do not display any additive or synergistic phenotypes ([@B25]).

We were curious to see to what extent such superactive RNAP mutants would react to stimulation by both wild-type TFIIB and superstimulating TFIIB variants. Wild-type and mutant RNAPs and TFIIBs ([Figure 6](#F6){ref-type="fig"}A) were assayed in various combinations. Wild-type TFIIB, as well as the superstimulating *mj*TFIIB ΔH84-Q86 variant, enhance the activity of the superactive RNAP (*mj*A′Q823-E/S824-P) mutant in a clearly detectable manner. The combination of superactive RNAP---displaying an intrinsically ∼1.8-fold higher activity than wild-type RNAP---with superstimulating TFIIB resulted in a rate of abortive transcription that was around 4-fold higher than the rate achievable with wild-type-only proteins ([Figure 6](#F6){ref-type="fig"}B). Such a remarkable increase in activity demonstrates that the superactive RNAP mutations and superstimulatory TFIIB variants target two distinct rate-limiting mechanisms. The simultaneous release of two independent catalytic constraints on the nucleotide addition cycle thus causes an additive combination of the functionally distinct superstimulation and superactivation activities. Figure 6.Additive effects of superactive RNAP and superstimulating TFIIB phenotypes. (**A**) Sequences of wild-type and mutant phenotypes used in the combinatorial experiments. The two substitutions in *mj*A′, Q823-E and S824-P are located in the C-terminal portion of the Bridge Helix domain. The mutated residues are highlighted in bold. (**B**) Stimulation of wild-type RNAP with superstimulating TFIIB ΔH84-Q86 results in an increased abortive transcription rate of ∼160% as compared to the stimulation with wild-type TFIIB (left panel). In contrast, stimulation with wild-type TFIIB increases the activity of superactive RNAP to ∼220% and the combination of superactive TFIIB with TFIIB ΔH84-Q86 increases this rate further to ∼420%.

DISCUSSION
==========

The roles of TFIIB during transcription initiation in the RNAPII basal transcriptional machinery are exemplified by several distinct activities: sequence-specific recognition of core promoter elements (BRE) ([@B2]), stabilization of TBP binding through protein--protein contacts ([@B26]), specific recruitment of RNAPII ([@B9; @B10; @B11; @B12],[@B27]) and start site selection ([@B13],[@B15],[@B28; @B29; @B30]). The archaeal orthologue of TFIIB carries out the same spectrum of functions, along with the additional function of strong stimulation of abortive transcription ([@B10]), which has thus far not been demonstrated directly in an eukaryotic system. It is nevertheless very likely that TFIIB also has a stimulatory role in controlling the initiation rate in eukaryotes, but additional basal factors (e.g. TFIIH) that carry out activities that are potentially rate limiting (e.g. promoter melting) may obscure this important contribution of eukaryotic TFIIBs. The archaeal system therefore offers a more direct route towards studying the functional interplay between structural elements of TFIIB with the catalytic site of RNAP.

We have previously identified the linker region of archaeal TFIIB as a key domain involved in the stimulation of abortive transcription ([@B10]). The extraordinarily high degree of structural identity between archaeal and eukaryotic TFIIBs allows an essentially one-to-one correlation of these proteins on the primary amino acid sequence level ([Figure 1](#F1){ref-type="fig"}A). Although there is some controversy concerning the detailed path of the TFIIB linker domain through the active site ([Figure 1](#F1){ref-type="fig"}B), it is clear that the residues mutagenized in our study are close to the catalytic site and have the potential to interact directly with the DNA--RNA hybrid, functional domains of the catalytic site (such as the Bridge Helix and Trigger Loop) and/or with other domains regulating promoter melting and clamp position ([@B13; @B14; @B15]).

Two clusters of residues are important for the TFIIB stimulatory function
-------------------------------------------------------------------------

Upon mutation, two clusters of residues (E78-W79-R80 and R90-C91-R92-V93-G94) were most significantly impaired in stimulatory functions and in several cases (E78, W79, R92 and G94) only the wild-type residue supported the highest level of activity ([Figure 3](#F3){ref-type="fig"}A). These results match data obtained in the yeast or human systems: in both of these systems, orthologous residues have been identified as crucial for transcription initiation ([@B16]) or transcription start-site selection ([@B28],[@B30]). Direct interactions between residues of the linker domain and template DNA at and near the transcription start site have been suggested ([@B13]) and are consistent with data obtained here. In sharp contrast, the region (A81--K89) between these two clusters is mostly highly resistant to substitutions, often of the most radical nature. The ability to stimulate abortive transcription is typically not affected by mutations that dramatically change the size, hydrophobicity or charge of the amino acid side chain present in these residues. This region plays nevertheless an important alternative role because some substitutions of K87 reveal astonishingly high increases in RNAP recruitment levels (exceeding 500% of wild-type activity for K87-W; [Figure 5](#F5){ref-type="fig"}C). We therefore conclude that two major TFIIB functions, RNAP recruitment and abortive transcription stimulation, are controlled in a functionally distinct manner by the B-linker domain ([@B31],[@B32]).

A new class of TFIIB superstimulators
-------------------------------------

Some of the most unexpected observations emerged from the deletion studies within the TFIIB linker region. A systematic deletion scan of three adjacent amino acid residues across the E78 to R82 sequence reflects in part the results obtained in the high-throughput point mutant screen, again identifying two clusters (E78-W79-R80 and R90-C91-R92-V93-G94) as essential. Intriguingly, deletions within the region separating these two clusters cause a marked increase in the ability of these mutants to stimulate abortive transcription that increases the levels to ∼170% relative to the wild-type level. These 'superstimulatory' phenotypes appear at first glance to be structurally relatively non-specific because the corresponding deletions are distributed over a relatively large target area (D83 to I88; [Figure 4](#F4){ref-type="fig"}), suggesting that removal of any amino acids in that particular region will cause a similar effect. We demonstrated, however, that superstimulation is restricted to mutants lacking precisely three adjacent amino acids. Such a tightly defined size-constraint, combined with the spread of a shared phenotype over a six amino acid target area, strongly suggests an underlying structural impact on RNAP.

The currently most up-to-date structures of TFIIB provide two alternative models for the interpretation of our data. If the TFIIB linker takes up the B-finger conformation ([@B13]), the deletions cause a shortening of the loop protruding towards the catalytic centre. Although such an event would be expected to diminish potentially stabilizing contacts between the B-finger tip and the incoming rNTP, an overall stimulatory effect could be due to other domain movements becoming less restrained. Point mutants in the Bridge Helix and Trigger Loop, which are predicted to increase the flexibility of certain molecular hinge regions, result in a corresponding increase in the rate of the nucleotide addition cycle \['superactivity', ([@B25])\]. It is therefore conceivable that the additional space resulting from a shortening of the B-finger projecting towards the Bridge Helix ([Figure 1](#F1){ref-type="fig"}C) increases the abortive transcription rate by allowing, for example, a higher rate of Bridge Helix kinking. Results obtained from combining superactive RNAP with the superstimulatory TFIIB mutants are, in principle, compatible by showing the additive effect predicted by such a model ([Figure 6](#F6){ref-type="fig"}B).

An alternative structural model suggests that the D83 to I88 region overlaps the junction between the B-Reader Helix and the B-Reader Loop ([@B15]). Superficially, the location of the identified region at the junction between two different motifs appears to be difficult to reconcile with the structural data, but the observed spatial restrictions of the deletion window to three (ΔD83-E85, ΔH84-Q86, ΔE85-K87 and ΔQ86-I88) or four (ΔH84-K87) amino acids suggest a possible explanation. The region immediately C-terminal of the B-Reader Helix appears either unstructured or lacking in a distinct secondary structure ([@B13; @B14; @B15]). It is therefore plausible that the strict spatial restrictions identified in our deletion screen are indicative of a metastable extension of the B-Reader Helix. Deletion of three or four residues, corresponding approximately to one complete α-(or 3--10) helical turn, would result in a shortening of such an extended B-Reader Helix, but minimize any variation in the overall topology of its C-terminal connection to the B-Reader Loop. The corollary of such an interpretation is that transitions between unstructured and α-helical conformations of the C-terminal extension of the B-Reader Helix play an important role in determining the rate of abortive transcription.

CONCLUDING REMARKS
==================

The intimate structural association between the TFIIB linker region with domains surrounding the catalytic site of RNAP results in a fascinating functional interplay between these proteins during transcriptional initiation. The extensive collection of mutant phenotypes described here proves that key parameters controlling recruitment (or half-life) of the TFIIB--RNAP complex are strongly influenced by a single amino acid residue. Similarly, the abortive transcription rate can be regulated by the length of a polypeptide stretch within the B-linker region. Up to now it has always been puzzling why the TFIIB linker region displays a higher rate of variation in length and primary amino acid sequence than some of the flanking TFIIB domains. Our data suggest that many of the natural variations observed reflect functional differences that alter the kinetic parameters of transcription initiation machinery and are therefore subject to natural selection affecting the function of the basal transcriptional machinery on promoters.
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